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Final summary report on USEOARD Grant AFOSR 83-9122
held by Professor N. D. Twiddy from Nove:mnber 1988 to November 1990.

This graot was used in part to finasce a nember of research projects camied out in the jon laboratory of the
Physics Department, Uriversity College of Wales, Aberystwyth.

Ths research utifised the selected ion flow drift tubz (SIFDT) acd a modified selected ion flow tabe (SIFT) and
is summarised below :

1

18

The vibrational quenching rate of HOA¥ (v = 1) and DCI™ (v = 1) ioasin collision with Ar and Kr
atoms at 329K was measured in order to investigate the cffect of changing the vibrational and rotational
energy lesels while keeping the inter-molecular isteraction potential unchanged. Measured vibrational
quenching rate constants disproved the Landau-Teller type vibrational mechanism modelled for the
molecular fon, modified by the excitance of the attractive poteatial. [Ref. 1).

Determination of proton affinity differences in the range 4130 - 140 Kcal mol™? established that the
non-thermal selected ion flow tube (SIFDT) was a powerful tool for such measurements.

In conjunction with this work, similar, comparable studics were carried out by Professors David Smith
and Nigel Adams at Birmingham University using VT SIFT and the results were further proof that the
SIFDT could be used for the determination of proton affinity differences. [Refs. 2,3,4].

Vibrational radiative kifetimes (Einstein A coefficient) of positive ions were measured for the first tiree by
modifying a selected 1on flow tube (SIFT). This new method was demonstrated by the measurement of
the lifetimes of HCI+ (v=1) and DC1 ¥ (v=1). [Refs. 1,5,5).

The reactions of HBr * ions with various neutral ions was studied. The variation of rate constants with
the ccntxc of mass energy was investigated. This study clearly showed that the proton transfer reactions
of HBr * with both CH, and CO,, were endothermic, implying that the proton affinities of CH, and
CO,, are less than that of Br. Thc reaction with SF, was found to be fast, contrary to the available data
on hcats of formation which suggests that the reaouon should be endothermic. {Refs. 7,10).

The measured rate constants for the reaction of N, OH * with CH and NO, as functions of central
mass kinctic energy, established two isomeric forms of N, OH¥ HNNO and NNOH *. Reaction with
CH, alloweda determination of the N-protonated N, 0 as blf 1keal mol™!, lying cnergcumlly above
the 0 -protonated N, O by 6.2°0.5 kcal mol™! . This, laller, value should be compared to the recently
obtained theoretical valuc of 7.1 kcal moi™*. [Ref.89).

The proton transfer equilibrium constant between He and Ne has been measured, using SIFT. This gives
a very precise difference between their proton affinities (or dissociation energies). [Ref. 11).




b

<

-

Referances

1. HC1¥ (v=1)acd DC1™: () vibreticeal goenching by Ar 20d Kr (5) rediztive Efetimes, G. Javabery,
M. Ticby, N. D. Twiddy 20d EEE. Fergusoa, Proc. 9tb Confereace oa Atomic and Molecular Physics of
Tonised Gas. - ESCAMI"3G 1959. Ed CM. Ferreira, Pub. Ecropean Physical Socizty, pp95-6.

2. Theapphication of a selected ion flow drift tube to the dstermination of proton affirity differences. M.
Tichy, G. Javzhery, N.D, Twiddy and E.E. Ferguson. Int. J. Mass Spec. & Ion Proc. 93, (1939), 165-175.

3. Asabsolute proion affinity scale in the 130-140 kealmol™? range, N. C. Adams, D. Smith, M. Tichy, G.
Javakery, N. D, Twiddy and E.E. Ferguecn. J.Chem Phys., 91, (1989), 4037.

»

Determination of proton affinity differences using 2 SIFDT. M. Tichy, G. Javabery, ND. Twiddy and
E.E. Ferguson. 7th Intemational Swarm Seminar, Glen Cove, New York, Pergamon Press, Aug 1989.

5. Radiative lifetimes of vibrationally excited HC1 ¥ (v=1) and DC1* (v=1) jons. G.Javahery, J. Glosik,
ND. Twiddy and E.E. Ferguson. Int. J. Mass Spec. & lon Proc. 97. (1990). 203-310.

6. The applicalion of a Selected Jon Flow Tube (SIFT) for the measurewment of the Vibrational Radiative
Lifetimes of HC1¥ (v = 1) and DC17¥ ioos. G. Javahery, J. Glosik, M. Tichy, N.D. Twiddy and
E.E. Ferguson. Proc. Symp. on Atomic acd Surface Physics (SASP), Obestraun, Austria, 1990.

7. Sclected ion flow drift tube studies of the reactions of HBr* with various neutrals. M. Tichy, G.
Javabery, N.D. Twiddy and E.E. Ferguson, Int. J. Mass Spec. and Jon Proc., 97, (1990), 211-218.

8. The study of encrgy dependences of NNOH * and ONNH * with neutrals CH ¢ and NO. G.Javahery,
1. Glosik, N.D. Twiddy and E.E. Ferguson. Inst. J. Mass Spec. & Ion Proc., 98, (1990), 225-233.

9. Experimental obscrvations of two someric forms of Protonated N, O, HNNO* and NNOH ¥ and
their Reaction with CH, and NO. G. Javahery, J. Glosik, N.D. Twiddy and E.E. Ferguson. Proc. Symp.
on Atomic and Surface Physics (SASP), Obertraun, Austria, 1990.

10.  Arevicw of Proton Affinity Scale in the Range 126-142 kcalmol™? using a non-thermal selected ion flow
drift tube (SIFDT). M. Tichy, G. Javahery, N.D, Twiddy and E.E. Ferguson. Proc. Symp. on Atomic and
Surface Physics (SASP), Obertraun, Austria, 1990.

11.  Measurement of the Equilibrizm constant for the Reaction HeH™ + Ne= NeH ' + Heinasclected
flow tubc. J Glosik, N D. Twiddy, G. Javahery and E.E. Ferguson. Int. J. Mass Spec. and jon Proc. (in
press).

Ac.usr‘.u Yor 4\/ o
TNETd uvasl

D BTIC Yak i

) Uasnncwaed !
CJastifloatl -

1By e - e -
npavptoudien/
Foatlactaity Tcdes
Wen'! npo 1o

- e L

L




An absolute proton affinity scale in the ~ 136-140 kcal mel~* range
N.G. Adams and D. Smith
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(Received 20 December 1988; accepted 1 Sune 1989)

The dependences on temperature of the rate cocfizients for the endethermic proton transfer
rezctions of HBr* with CO, and CH, have been obtained in 2 variable-temprrature selected
ion fow tube. The measurements have been used to determine the 300 K proton affinity of
CO,, PA.(CO,), = 1285 = 1.0keal mol~?, utilizing the hiteratuse value of P.A_(Br) = 131.8
kcal mol ™!, obuained from the dissociaticn energy of HBr *, 24 a primary stzndasd. The
proton affinity difference between CO, 2nd CH, has beea substantiated by equilibrium

constant 2s 2 function of temp

¢ for proton transfer between CO, and

CH,. Similar equilibrium constzant mezsurements kave beens used to determine the proton
affinities of HC, N, O, HBr, and CO, giving a preton affinity ladder ordered (1n keal mol ™)
as CO(141.4), HBr(138 8), N,0(137.3), HCI(133.0), Br(13! 8), CH, (120.0), and

C0,(128.5). Proton affimties have also been determined for Br,(140.0), NO(127.0), and
CF,(126.5), the last two vaiues being obtained from selected 100 flow dnift tube measurements. -
An upper hmit to P.A.(SF) of 127 keal mol ™" has been infetred from the instability of SF

H* towards dissociation into SF;" and HF.

1.INTRODUCTION

uning the course of studies at Aberysiwyth of vibra-
tional relaxation of hydrogen. halide 1ons, 1t was observed
that the proton transfer reactions of HBr3-with both CH,
and CO, are endothermic.) This shows that a recently pro-
posed upward revision of the proton affinity scale 1n the 120-
145 kcal mol~* range?isin error and indeed that the value of
the proton affimty of CH,, P.A.(CH, ) = 132kcal mol~"in
the National Bureau of Standards (NBS) tables* (which
are currently the most widely used references on proton af-
finities and th h 1 data) is somewhat too large In
order to quantify the proton affinity differences among Br,
CH,, and CO,, the dependences on temperature of the rate
coefficients for endothermic proton transfer from HBr * to
CH, and CO, have been measured using the variable-tem-
perature selected 1on flow tube in Birmingham The problem
indetermining values of proton affinity 1s in setting the abso-
lute scale since most laboratory measurements yield only
relative proton affinities, these usually being obtained from
equilibrium constant measurements. The proton affinaty of
Br provides a particularly useful refdknce pomt since 1t 15
related simply to the spectrc lyknown d n
energy of HBr* 3
With the availabihity of these new (smaller) values of
P A (CH,) and P A (CO,), 1t was considered worthwhile
todetermine the eq for anumber of addi-
ticnal proton transfer reactions as a function of temperature,
and thus has led to revised values for the proton affintties of
HCL, N, 0, HBr, and CO This new P A ladder 15 behieved
feansaryatvele) 10 vield absolute oroton affintties rehable

11h
um ¢

-~

i
N

to =1 kcal moi™". One of the largest P A. differences
between the species included in this study 1s that between Br
and CO. However, the P.A. of COcanalso be considered asa
primary standard since 1t can be determined from recently
improved measurements of the heat of formation of HCO*
and the adiabatic 1omzation potential of HCO' a5
P A.{CO) = 141 6keal mol™'. The valuefor P.A (CO) de-
nived from this study agrees with this within 0 2 keal mol %,
although both values have stated uncertainties of 4- 1 keal
mol~".

An excellent review of the absolute proton affinity scale
with companisons between experiment and theory, discus-
sion of the precision of various theorettcal approaches, and
d n of certain cony and lature has re-
cently been given by Dixon and Lias *

1. EXPERIMENTAL

The thermal energy measurements were carried out us-
ing the Bir vanable-temperature selected 1on flow
tube (SIFT) and some nonthermal measurements were
made using the Aberystwyth selected 1on flow drift tube
(SIFDT) Thesetech have been ad 1y described
m the literature *** The protonated reactant ions KX * were
formed in high pressure electron impact ton sources contatn-
1ing muxtures of H, with the molecular gases X 1t is known
that resonant proton transfer seactions efficiently relax vi-
bratinnally excited 1ons to their ground vibrational states
and the pressure 1n the 10n source was sufficient to allow
several collistons of the tons with their parent gas to occur
before extraction For the HBr* studies, only HBr was m-
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troduced 110 the 1on source. The 1oas wese then injested
into pure He carrier gas in which they kisetically 2rd rota-
tionally thermalized and the zppropriate reactant gas was
added downstream. In the case of the SIFDT studies, the ion
internal aad kinetic energies were equilibrated 2t a mean
energy determined by the ratio E/N, where Eis the electric
fieid applied 10 the react:ca zone and N s the He carmner gas
number densiy. This aspect of the operation of drift tubes
has been discussed 1n many texts.”’ Rate cosfficients were
determined 1n the usuzl mznner for both the SIFT and
SIFDT expenments.  Rate coefficients for forward ik,)
and reverse (&, ) reactions were mads under essentialiy iden-
tical concitions of carner gas flow rate, pressure, and tem-
perature vath only the source gas X and the reactant gas
beingnterchanged Thus theequilibrizm constants (i e, the
ratio of k, and k,) are subject to smaller errors than the
absolute rate coefficients and are considered to be accurate
towithin = :0%. Proton transfer was this only reaction pro-
cessobserved in all cases. Measurements were made at 300K
and ¢ other temperatures up to 500 K

ill. RESULTS

In order to determine relative proton affimities, the de-
pendence of the equilibnum constant K on temperature T
needs to be determined Then both the enthalpy AH and
entropy &S changes can be denved from the slope and inter-
cept, respectively, of a van't Hoff plot {according to the rela-
uon InK= — AG/RT= — AH/RT + AS/R, where K
can be either the expenimental equilibaium constant or,
cquivalently, the ratio k,/k,'* The former is measured 1n
relatively high pressure expenments and the latter 1 the
lower pressure flow tube expenments ) For a great deal of
theavailable datan the literature, temperature dependences
werenot obtained. Only the values of K at room temperature
were determined and valuss of AS were inferred from theo-
retical arguments 1a order to enable AH and thus the proton
affinity differences to be determined

Inthe present study, for the two reactions of HBr * with
CH, ard CO,, 1t was not possible to measure the reverse rate
coefficient for the reaction with Br, e g,

ke
HBr* + CH, = CH;* +Br N
k,
due to difficulties 1n producing Br atoms. In an unsuccessful
attempt to do this, Br, was discharged 1n an excess of He
using a microwave discharge. No evidence for dissocration:
was observed in spite of the numerous allowed transitions to
repulsive Br, states 1 A large fractional dissoctation would
have been required to yield a quantitative value for &, (1)
However, experiments using Br, (in the absence of the dis-
charge) did yield the first value obtained for P A.(Br;).

The dominant contnbution to the temperature depen-
denceof K(1) [ = k,(1)/k,(1)]1sink,(1), the rate coefhi-
cient for the endothermic reaction, which we have mea-
sured Thus the problem 1s in not knowirg the weak
iempeialuie dependence of 4,(1) and therefore in not

pproach to this probl
teactions (1) and (2)
k
HBr* 4+ CO,= HCO;* + Br (3]
k,
t determine the major contribution to the *emperature de-
pendence of K and then to estimaie the maximum possible
range of temperature dependences for the exothermic k, and
accept the uncertainty in this as the uncertainty in AH and
hence the uncertainty in the proton affimity of CO. (or CH,)
relative to Br. This is an acceptable uncertainty and thus
provides the basis for the present proton affinity scale.
From the Arrhenius plot of In k,(2) vs 7=, shown n
Fig 1, we find that k(2) = A, exp( — AE,/RT), where 4,
=27X107" cm’s~" and AE, =296 = 0.2 keal mol ™'
Therefore AH(2) = AE; — AE, =296 — AE,, where AE,
describes the (unknown) temperature dependence of the ex-
othermic reaction. The rate coefficients for exothermic pro-
ton transfer reactions are genesally close to the coflisional
rate cocfficients and exhibit little or no temperature depen-
dence 1n the thermal energy regime If &, 1s temperature
independent, then AH(2) = AE, = 2.96 keal mol ™" Alter-
natively, by nspection of the published data for a range of
reactions, we estimate that the variation of k, with tempera-
ture 1s 2 maximum of T ~". This 15 equivalent to an effec ve
AE, = — 0 55kcal mcl~"at 300K, assuming againan Arr-
henius-type expression for k,(2) = A, exp( — AE,/RT)
Therefore we conclude that AH(2) hes between30and 35
kcalmol™' and thus that PA(CO,)=PA
(Br) — AH(2) lies between 128 3 and 128 8 Yeal mol ™'
The rate cocffictent k,(2) can be deduced from 4,(2)
and the entropy change for the reaction AS(2), as shown
below AS(2) can be equated to S(HCO,*) + S(Br)
—S(HBr*) ~ S(CO,) = (55.6 £ 0.8) + 418 —-490
— 51t = — 2.7 £ 08eu, where the S are standard entro-

i5 10 use Arrhenius plois of A, for

\
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FIG | An Arrhenius plot of the rate coefSaient k vs reciprocal tempera
ture T 77, for the proton transfer from HBr* to CO, [reaction (2)} ob-
tained from truly thermal SIFT data The extrapolation to the ordinate
givsan pt which 15 with that d by modifying the
Langevin coll rate woeffi by a factor d dent on an entiopy
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pics and the dominant uncertainty 1s 10 S(HCO,* 3.' This
gves, from above, 2 pre-cxponential factor for %, ie.,
4, =A exp( —AS/R) = L1X107* em®s™* with limits
between 7.5 1972 and 1.7 X 10~ % em® s~ ' by virtse of the
uncertamty 1n AS(2) and thus k, can be obtained from
A, exp( — AE,/RT). The Langevin collisional rate coefi-
cient, kg, which 15 7X107"° cm® s, is actually a rather
hkely value for k,{2). This would correspond to

= —20cu,or S(HCO;* ) = 56.4 c.u, the upper limit
of the stated uncertainty 1n the literature value. The present
analysts 15 therefore = consistent one and we accept
P.A.(CO,) = (128.5 = 10) keal mol ', where we believe
the + 1 kcal mol ™! uncertainty 1s rather conservative, 1€,
probably too large.

To obtain the zbsolute proton zffimity of CO,, we have
used the absolute proton affinity of Br Since this is the an-
chor to our proton affimity ladder, we discuss it in some de-
tail The proton affimty of Br 1s defined as the endothermi-
ity of the dissociation

HBr* —H* 4 Br, 3

50 that P.A.(Br) =AH(H") + AH/(Br)
— 8H,(HBr™) Velues are avallable for AH (H™)
=365 7 kcal mol~' * and AH,(Br) = 26.741 kcal mol ™'
“ and also AH,(HBr~) = AH(HBr) + L.P (HBr) with
AH (HBr) = — 8 70 keal mol~".* {All valyes of P A. and
AH, referred tomn this paper are for 298 K ) However, there
1ssome uncertatnty mthe value of I P (HBrj (theionization
potential of HBr) **

A value of 1P (HBr) = 11.677 ¢V 4. C 004 = 269 27
heal mol ™' derived from a predissociation himut s avail-
anle'* and Huber and Herzberg® have adopted 11 67¢V asan
average of an earhier photolomzation and two photoclectron
spectra but a smaller value of 11 645 ¢V has
also been reported'® and this d:ffers 1n energy by 073 heal

TABLE I Proton affiniues (heat mol™') at 300K

mol ", which is quite significant within the 1.0 kcal mo)~*
unceriainty we claim for relative proton affinities in our Iad-
der. Any change in. P.A.(Br), cither due to a change in
LP.{HBr) or otherwise, would of course shift the proton
2ffinity scale correspondingly. The value of 11.677 + 0.004
¢V seems reasonably secure, but this point should be keptin
mind 1n czse revisions of P.A_{Br) arise. Accepting this val-
ve and the other values quoted above, leads to
P.A.(Br) = 131.84 kcal mol~'. We use P.A.(Br) = 1318
keal mol ™" as the reference of our proton affinity ladder. An
NBS compilation * gives P.A.(Br) = 132 kcal mol ™", pre-
sumably deducsd in the same manner, although a more re-
cent compilation * gives 132 4 keal mol ™' Use of the fitera-
ture value of Dy(HBr* ) = 3 894 ¢V * to deduce P A.(Br)
from HBr* —-Br+H"*, gives P.A(Br) =1309 kcal
mol~', a value appropriate to O K. It 15 because of such
possible confusion that we have elaborated on the deduction
of P.A.(Br) in such detail

With P.A.(CO;) = 128 5 4 1.0 kcal mol~* thus estab-
fished, other proton affimities can be obtained from van't
Hoff plots, i ¢, the dependences of equilibrium c« on
temperature. This approach is free of the uncertainty m-
volved m the HBr* reactions in which the equilibrium con-
stants cannot be measured The values of P A. deduced in
this manner are listed 1n Table §, together with valuesof P A
for several other molecules.

The X for the reactions

CH} + CO;=HCO;" + CH, 4

has been measured as a function of temperature The van’t
Hoff plot gives AH = 1 54 £ 0 4 keal mol ™", which leads to
P A (CH,) =1300 kecalmol™' consistent with the ob-
served endothermicity of the forward reaction (1) (k, as
written) This endothermucity of 1 § keal mol ™' agrees well

Present
Molecule # 1 keal mol™" NBS* NBS* Bohmeeral® Other
o 1414 1419 142 1414104 14164 14
1454
1426
Br, 1400
HBr 1388 1360 139 1399"
[ENE 4
N,O 1373 1365 1388 13710214
HCH 1330 1348 1366 1346
1345
B: 1318 132 1324
CH, 1300 132 1316 1305¢20 1290%
o, 1288 1309 1307 1286421 1306
NO ~1270 ~127 131 135£3
CF, ~126% ~126 ~126
SF, <127
“Reference 3 *Reference 21
*Reference 4 'Reference 22
‘Reference 6 I Reference 23
“Reference 7 * Reference 24
“Reference 14 'Reference 25

'Refesence 19 * Reference 26
on -

an

e meme = ——
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with  the wvalue that is obtained from
k(1) = ko (Dexp — AH(1)/RT, where k,, the Langevin
collision rate cocfficient for the forward reaction, 15
10X 107° cm®s™". This gives AH(1) = RT'Ink, /k,(1)
=06In (IX107%/58X10™") kealmol™'=1.7 kcal-
mol~". This qualitatively supports the premise that proton

transfer often occurs on essentially every exothesmic colli-
sion and for endothermic reactions the Boltzmann factor
determined by AH yields the fraction of reactions that are
exothermic.

Van't Hoff plots have also been used to obtain values of
AH, and hence P.A , for the following reactions:

CHy + HCE=H,CI* + CH,, AH= —32+05 kealmo!™,

P A.(HCl) = 133.0 keal mol™";

H,CI* + N;O=HN,0* + HCl, AH= —4120.5 kealmol™, )
P A (N;0) = 137.3 keal mol™',

5)

and

HN,0* + CO==HCO* +N,0, AH= —4.1204 kealmol™",
P.A (CO) = 141.4 kcal mol™!

A van't Hoff plot of the data for reaction (7) 1s given in Fig 2 together w.th previous data '” ** The AH(7) obtamed 1 the

present study 1s 1n good agreement with the earher value of — (44 £ 04) keal mot ="

Similarly, a van’t Hoff plot for the reaction

H,Br* 4+ CO=HCO"* + HBr (€3]
gives AH(8) = — 264 0 Skcal mol ™" and P.A (HBr) = 138 8 keal mol~,

The proton affinity of Br, 15 bracketed between those of HBr and CO on the basis of observed reaction exothermicities,
although van't Hoff plots were not obtained, so that we take P A (Br,) = 1400 + 1 keal mol~".

Proton affimties of CF, and NO have been determined from van't Hoff plots of In K vs the recipiocal of the relative :on-
neutral kinetic energy (KE) obtained using the Aberystwyth SIFDT, 1n which KE 1s vanied by the application of an electric
field It1s not obvious that such data can be used for van't Hoff plots since the applied electnic field increases the translational
and presumably the rotational energy of the tons, and possibly the vibrationat energy of the 10ns to an uncertain degree, but
does not effect the rotational and vibrational energy of the neutrals, so that thermodynamtc equilibrium does not exist among
the reactants It1sknown thatsuchIn K vs (KE) = plots may not be hinear Indeed, :n the case of the equilibrium for reaction
(7), such KE plots were not hinear ' In the present studies, we did obtain a number of inear In X vs (KE) ~! plots and the
consistency of the values of AH and AS obtained from several plots convinces us that they yteld good values. It may be that
when there are problems associated with lack of rotational and/or vibrational equilibrium, this 1s manifest as nonlineanty 1n
such plots, but when there are not significant departures from equihbrium for particular reactions, linear plots are obtained
whose slopes and intercepts relate to the usual thermodynamic quantities AH and AS Regardless of the gencrality or validity
of this statement, the present data are so redundantly consistent that there can be hittle doubt as to their validity The following
reactions mvolving proton transfer from CF, were found to give linear In X vs (KE) ~' plots, yielding the following param-
eters from the slopes and istercepts (AH 1s 1n keal mol™!, AS1sin e )

(7

CFH" 4 CO,=HCO;" +CF,, AH= -17404, AS=04, 9
CFH* + NO=HNO"* +CF,, 8H=-054+008 AS= -37, (10)
CFH* + CH=CHy +CF,, AH= —-40+03, AS=16, (1
CFH* + HCl=H,CI* + CF,, AH= -70%1, AS= -03. (12)

for reactions (9)-(12), we have tested the consistency of the

Taking the values of P A from Table I, we deduce the
data from entropy considerations Using known entropies

foilowing values of P A (CF,) from the reactions indicated

1 parentheses 126 8(9), 126 0(11), and 126.2 keal mol~'
(12) This 15 too consistent to be random and a value of
PA(CF,)=1265 kcalmol™' has been chosen which
should be reliable to the + 1 keal mol ™" precision of Table
1 From reaction (10), we deduce P A.(NO) = 127 0 keal
mol~' Both the forward and reverse rate coefficients for
this reaction are targer than 10" cm® s ™' at 300 K, there-
fore, the reaction ts obviously nearly thermoneutral and
PA(CFO=P A (NO)

for the reactant neutrals and other 1ons, ' we have calculated
S(CFH*) with the following results 66 6, 66 6, 66.8, and
66 7 ¢ u. from the AS data for reactions (9)-(12) Thiscon-
sistency indicates that the In X vs (KE)~' van't Hoff plots
do have validity i these cases, in spite of the lack of a solid
theoretical basss for such plots. Presumably, the lack of rota-
tional and vibrational equilibnia of the neutrals in these reac-
tions 1s not very mportant. Since exothermic proton transfer
generally occurs on every cclltsion for the reactions between
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FIG 2 A van't Hoff plot (filled circles) of the equilibnum constant X
{ = k,/h,) vs reciprocal temperature T~ for the proton transfer ceaction
N OH* + CO==HCO* + N.O [reaction (7}] obtained from truly ther-
mal SIFT data Also included are the previous flowing afterglow data of
Hemsworth ez al (Ref 18) (open circles) and Lindinger er @l (Ref 17)
(squares)

too surprsing that a change in vibrational and/or rotational
energy states 1s not very mmportant We do know of, how-
ever, the counterexample of reaction (7) referred to above
for which the In X vs (KE) ™" van't Hoff plot 1s not linear'’
and thus we do not generahize on this point Thisrecent capa-
bihuty for determining proton affinities in drift tubes will be
claborated elsewhere and 1s not cntical to the revised proton
affinity scale proposed here {enly P.A (NO) and
P A (CF,) were determined 1n this manner]

SF, does not form a stable protonated 10n and this gives
the upper hmit to P A (SF) listed 1n Table I (see below)

IV, DISCUSSION
A.P.A(CO,)

The cnitical protou affinity in the present study 1s that of
CO, which we link to that of Br as the anchor of our P.A
ladder The value of 128 § kcal mol™' seems to be secure
within our 4 1 keal mol~" error hmat for the reasons given
above This value 1s defimtely smaller than the NBS val-
ues,* although by only ~2 keal mol=". It 1s in excellent
agreement with the value 128.6 4 2.1 kcal mol ™' deduced
by Bohme et al ,'* but with a significantly smaller uncertain-
ty P A (CO,) has been calculated tobe 130 6 kcal mol =" **
with a basis set that tends 1o give P A. values 2-3 keal mol '
100 large according to Dixon and Lias,* and thus this s also
consistent with the present value

B.P.A(CHJ)

The value of P A (CH,) = 1300 kcal mol™" agrees
with the equivalent value given by Bohme et al ™ again with
an 1mproved uncertainty, as shown in Table I The value1s2
kcal moi = " smaller than the NBS values ' * A very highlevel
calculation has been made for P A (CH, ) yielding a value of
120 N kcal mol =" * This 15 1n satisfactory agreement (with-

C.P.A.(HCI), P.A.(HBr), and P.A.(N,0)

The value of P.A.(HCI) = 133.0 keal mol ™! is in fair
agreement with the earlier NBS value of 134.8 keal mol ™! 2
and two theoretical values of 134 62 and 134.5 kcal mol~!,2
although smaller than the more recent NBS value® of 136 6
keal mol™". The value of P.A.(HBr) = 138.8 kcal mol~"1s
substantially greater than the carlier NBS value of 136.0
keal mol™",? but 15 in good agreement with the more recent
NBS value of 139 keal mol = * and with the two theoretical
values of 139.9 *' and 140.4 kcal mol=".>* The value of
P.A (N;0) = 137 3 keal mol ™" agrees reasonably well with
the previous values.® 1

D.P.A(CO)

As previously stated, P A.(CO) can be considered as a
basic standard 1n the P.A. scale because it can be deduced
from HCO-HCO*~H*+CO if AH/(HCO) and
1P.(HCO)are known Recently, improved values of both of
these quantities have become available Chuang et al ® have
determned AH,(HCO) at 298 K to be 9.99 + 019 keal
mel ™" and Dyke’ has remeasured the adrabatic LP.(HCO)
to be 814 4+ 004 ¢V This yields P A.(CO) =141.6 + 1
keal mol =" n re, 1arkable agreement with our thermoche-
mical ladder based on P.A (Br) A high level calculation®
gives P A (CO) = 141 4keal mo! ', for protonation on the
C which 1s more stable than protonation on the O by ~40
keal mol™" A value of P.A (CO) = 142.6 keal mol~" has
a'sobeen deduced from earlier absolute measurements of the
appearance potential of HCO* from H,CO **

E.P.A{CF,), P.A(NO), and P.A.{SF¢)

The present value of P.A (CF)=1265+1 hkeal
mol™" 1s m good agreement vath the NBS compilations
which give P A (CF,) ~ 126 keal mol ~'.>* Somewhat more
usefully, we find from a kinetic energy van't Hoff plot that
P.A (NO)—-P.A(CF)~05 keal mol~?, gving
P A.(NO) = 127 O kcal mo!l™". This agrees with the earhier
NBS value for P A (NO) of ~127 kcal mol ™" * The theo-
retical value for P.A (NO) of 135 4 3 keal mol ="'  clearly
seems to be too large Protonation at the N gives the most
stable form HNO*

CF,H" 10ns are observed to be readily dissociated, viz

CFH* - CF, + HF. (13)
The energy required for this decomposition 1s
AH = A E (CF; /CF,) + AH/(HF) — AH/(F)
— AH,(H*) + P.A.(CF,) =P A.(CF,) - 122 keal
mol ™' [where A E (CF,' /CF,) 1s the appearance energy of
CF} from CF,). Since CF H™* does have observable stabil-
1ty, then P.A.(CF,) must exceed 122 kcal mol ™", probably
by at least several kcalmol™' A value of A E(CF}
/CF,) = 3275+ 23 kcal mol™" has recently been deter-
mined®” and 1s far smaller than previous fiterature vatues
which would be quite inconsistent with the observed facile
CF,H" collisional breakup given as reaction (13) The reac-
ton

vo.¢ QB L&F* 4 HF + Br (14)
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occurs on about every collision since k(14) = 8X 10~ °cm®

s~ 1 at 300 K. This is analogous to the similar reaction of
HCI* with SF, which gives only SF;* (and HF + CI).¥
From both of these results, 1t can be presumed that SFgH ™ 1s
unstable toward decomposition to SFy* + HF which im-
phes that the AH 15 aegative for the SFH* —SFy* + HF
decompostion  For  this  AH=P.A.(SF,) + AE.
(SF;* /SFy) + AH,(HF) — AH/(F) — AH,(H™)

=P A (SF,) — 127 keal mol ™", when the recently revised
value of A.E.(SF; /SF,) = 3224 1 0 7kcal mol~'isuti-
lized. Therefore, P A.(SF,) < 127kcal mol~". No value (or
limit) for P.A.(SF,) appears to bave been given previously
in the hiterature
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ABSTRACT

Vibrational radiative hfetimes of positive tons have been measured for the fint tme m a
selected 10n flow tube Values determuned are HCI* (v=1),t =45+ Imsand DCI* (v = 1),
1= 171 4ms A reaction with N; to produce N,H *, which 1s endothermic and siow for v = 0
and exothermic and fast for v > 0 15 used to momitor the population of vibrationally exaited
1ons as a function of distance 1n a helum buffered tube There is agreement within expenimental
error of lfetimes measured 1 low pressure experiments at Orsay and with the calculated
hfeumes Vibrational quenching rate constants for both 1oas by helium are found to be less than
10 “cm’s™! at 300k

INTRODUCTION

A recen’ study of the vibrational relaxation of HCI* (v = 1) and DCI*
(v = 1) by Ar and Kr [1] was carried out in ths laboratory in order to test the
dependence of quenching efficiency on vibrational and rotational energy level
spacing whilst keeping the intermolecular potentizl between jon and quencher
essentially unchanged The wibrationally excited 10ns were measured by their
reaction with N, to produce N, H*, a reaction which 1s endothermic and slow
for v = 0 and exothermic and fast for v > 0 [2] The so called monitor 10n
technique has been used to measure a number of vibrationally excited ton
collisional quenching rate constants (3-7]. The monitor 10n technique has also
been used for radiative hfetime measurements of vibrationally excited 10ns i
a low pressure triple cyclctron experiment {8,9] The present study 1s the first

* Permanent address Department of Electronics and Vacuum Physics, Charles University, V
Holesovickach 2, 18000 Prague 8, Czechostovakia
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apphication of the monitor 10n techmque to the measurement of vibrational
radiative lifetrnes in the collision dominated conditions of a flow tube.

EXPERIMENTAL

The modified selected 1on flow tube (SIFT) apparatus used 1s shown n
Fig I Hehum 1s introduced mto the tube at the injector plate IP to establish
a gas flow along the tube at a gas pressure of 0 3-0.75 Torr and a flow velocity
of 30-70ms~', the gas being extracted by the mechanmical pump R. lons
generated 1n an electron tmpact 1on source S enter the quadrupole mass filter
QI so that only the 10ns selected for study are mnjected into the helium carrier
gas flow through the central aperture in the injector plate IP. The 1ons HC1*
and DCI* are generated from HCI or DCI 1n the 1on source and a small
percentage, 1-2%, of these are vibrationally excited to the v = 1 level. The
near vertical Franck-Condon 10n:zation precludes a significant fraction of
v > | 10ns being present The 10ns are carried down the tube by the helum
gas flow The concentration of the vibrationally excited species varies down
the tube due to several factors. In addition to the radiative decay
(v = 1) = (v = 0), which 1s the parameter this expeniment 1s designed to
measure, the 1ons are lost by diffusion to the walls, but since the tube length
1s constant this does not enter the analysis, provided 1t can be assumed that
both 10ns diffuse at the same rate in the gas mixtures employed. There could
be quenching of the (v = 1) level m colhision with helium atoms, but we
have already established that tihis process 1s very slow [1) If 1t were
significant the measured hfetimes would decrease with increasing helum
pressure but no such variation was observed over a pressure range from 0 3
to 0.75 Torr

A monitor 1on method was employed to determine the varation of the
concentration of the HCI* (v = 1) along the tube HCI* and DCI* 10ns 1n
their ground state (v = 0) react very slowly waith N, but the same 10ns when

R
PLP2PI P4 PS PB '17—}
e Fr—1T1T uC.:———’
ey NC Hlm
i3]
31, dom —p—mam 54, 2em —->Q.ZC

10N SOUR 10N lITECT(R
]NJEC”ON SYSTEN FLOY TUBE SYSIE

He

Fig 1 SIFT apparatus showing modifications for vibrational ifeume measurement
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sibrationally exciied (z > Oy proton transfer rapsdly to gne N.H- 2L
Therefore N, is mntroduced 1m0 the flow tube 2t one of the seven identscal gas
entry ports PI to P™ with a sufficient rate of N flow that a1l the vibrauonaliy
exailed 1ons are comverted to N.H™ within a centimetre or so of the entrs post
posiion The resulting N.H ™ signal in the dztection mass spectromeier Q2 15
then 2 measure of the vibrational fon population i the regon of this par-
ticular entry port. Repetition at the other six ports gives the variation of HCY™
tz > 0) along the tube.

There 1s a further compncation 1n that thei2 1s an addimonal source of
produciion of NoH ™ (N.D* ) oihier than from HCi" (¢ > M or DCI" (2 > )
The energy levels gnentia Fig 2 show that the separation beiween HCI™ ¢, 5.
© = 0)and N.150 13eV so there s a possipility of N.H ™~ production from the
high energy tail of this 10n energy distnibution This process will give rise 10
a N H" (N:D 7 )y signal which will be proporuional to the “ength of the column
of N.in the tube.1¢. 73 Scm for P1 to 19¢m for P7. so this N.H ™ signal will
not be constant but will vary with the position: of the entry port. The mag-
mitude of this contributton can be estimated from a study of the N;H"
(N;D") signal vanavon with N, momtor gas mjeciion rate and the
appropnate correct:en determined In practice this correction was between 5
and 20% for the N. flows emploved

With this correction applied. if the 10n source produced only vibrauonally
excited 1ons in the v = | state the observed vanation along the flow tube
would be a single exponential decay so that a loganithmic plot of 10n count
against position along the tube should be linear In fact for both ions the
corrected log plots were not hinear but curves of monotonically decreasing
slope I, contrary tc expectation from the Franck-Condon factors, high
vibrational levels were present the curvature would not have this form bat
have a monontonically increasing slope The observed shape is charactenstic of
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tav Indepencent wonic spacies decayving at different rates. This 1s not the only
possibie mterpretation of such a cunve but in the absence of precise informna-
uon on the specigs actuaiiy preseat it represents the simplest interpretation
and the data are znalyzed using this assumption. The curve has to be analyzed
as a double exponential but there are only seven expenmental ponts and the
portion of the doubie exponental which can be experimentally investigated 1s
determined by thiee factors. the izngtn of the flow tube. the gas flow veloony
and the values of the hifeumes of the species being studied The last factor
means that the cases of HC.™ and DCI” are markedly different

For HCI™ the log plot 1s almost hnear (Fig 3) with only the first and second
points off the strasght hne This means the slow rate can be determined quite
accurately. 45 = Ims. while the mtial fast decay can only be roughly
estimated to be ~Ims

For DCI". since both the Iifetimes are longer. the expennmental points do
not give as good an estimate of the slow rate but the fast decay can be
measured quite accurately Ideally the tube length should be four times longer
for the DCI® study tc give comparable data to HCl® Thus a curve fitung
procedure for two exponenuals was used which yields an 1mitial decay of
3+ 05ms and a slow decay of 17 = 4ms




RESULTS AND DISCUSSION

Whatever the distribution of energy levels in the tube, vibrational or
electsonic, the longest lifeumes are associated with the (v = 1) radiative
Iifetimes so that the measured radiative hfetimes are, for HCI® (v=1),
3.5 = I'ms and for DCI” (v = 1). 17 = $ms. The results are given in Table |
together with theosetical values and the Orsay tricyclotron data. The shorter
Iifetimes of ~1ms and 3 = 0.5m, for HCI® and DCI™ respectively are
tentalively attnbuted to higher vibrauonal states of these ions populated
mdirectly by electronically excited *E” ions cascading to the ground electron-
w state. followed by sibrational radiation. The long lifetme components, i.c.,
the ¢ = | populations. are companbie with HCl - HC1® Franck-Condon
factoss.

The large 1sotope effect for both components almost surely implies 2
vibrational ongin of these transitons. There are no long ined or metastable
states of HCl® The que-ict states are purely repulsive. The only stable
electromce state “E° radiates by an allowed transition m microseconds. What
scems hkely 15 a large population of "I~ 1ons, for which the 1omzation
Franck-Condon factors are very aon-diagonal. as seen in the photoelectric
specirum [10] followed by radiztion down {0 the ground state, again with
non-diagonal Franck-Cendon factors. The distnibution sught be very broad.
yielding a distnbution of vibrational lifetimes, all shorter than that fort =1
tgomng approximatzly as T = ¢ - as described below). Due to the problem of
castading g .t =d—=1 =31 =3t =2t =2—v=lv=1-v=0,
etc.. oniy the jongest hfetimes. 1e..¢ = 1+ -~ = 0 can be deconvoluted from
the experimental data All vibrationai states w. ' ¢ > 1 have the same fast
reaction with the monmitor Someumes the so-called double harmonic
spproumation is vaiid for small amplitude vibrations. leading to 74 o 'z,
where v 1s the vibrational frequency and 1 the radiaung state vibrational
quanium number The double harmon.c approxuimation means. (a) mechan-
cai harmoncity. 1¢. applicatality of a harmonic oscillator to describe the
vibrationa! frequency. and b electnical harmonicity. 1 e.. a linear dependence

TABLE ]
Rudiatese btetimes tmsitor HGC a2 = | and DCI" a = Iy

This wori Other expeniments Theors
HC =1 45+ 33 = 1215 36{13
2868 6em
DC =1 [ 132 + 31§ 19 [14)

1¥63 0cm
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of the dipole moment on bond ieagth The mechanical criieria are valid for
such strong bonds as HCI, HCI", etc , for low values of ©. The dipole moment
function however may bz very non-linear. For example in the case of CH*
and CD*, the slope of dipole moment versus bond length changes sign [11}!
When these two conditions are met, then ssotopic substitution yields lifetime
ratios equal to the vibrational frequency ratio to the fourth power.

The denvation of the double harmonic approximation, whilst straight
forward. has a bit of subtlety involved and we find a considerable confusion
on this point. The familiar expression of the Einstein A coefficient for the
spontaneous radiation rate, A o {viplv')’. would scem to imply a v
relationship. not v*. The peculianty that the dipole moment matrix element,
an mtegral over space. has a frequency dependence is deceptive. This
relationship has been denved. as a text book example. in the excellent book
of Atkins [12). It can also be deduced from the frequency dependence of the
normalization factors of the harmonic oscillator wavefunctions (Hermite
polynomials).

Applicanions are numerous. ¢.g . the ratio of radiative lifetimes of DF/HF.
347 15 equal to the vibrational frequency ratio to the 4.017 power; thaf of
DCUHCI, 3.63 equals the vibrational frequency ratio to the 4.00 power, much
beiter than the iifetimes are known

In the present case the predicted rano DCI* (v = 1))/«(HC1*
{z = 1Y) = 3 6 fits all the expenimental data as well as the theory easily within
the error limits Rosmius [13] did find 2 hinear dipole moment function theoret-
watily. There 1s . shght correction required 1n the case of ions. since the dipole
moment depends on the choice of ongin. which must be taken as the centre
of mass and therefore changes upon 1sotopic substitution. However because
of the very large CI/H.D mass ratio this correction (x = M,/ M) 1s neghgible

Another consequence of the double harmonic approximation 1s that ¢ x 1/
= Sirce the validity of the DHA 1s established by the ratio of DCI* /HCI®
hfetsmes, one can use this to predict the hifeums dependence on 2. for low
values of ¢ At hugher values of v the parabolic harmonic oscillator potential
clearly cannot be vahd. and the hnearty of the dipole moment function must
also vamish. smce the dissociation Iimyt of HCI® - CI* + H would have a
different sign of dipole moment than the bound proton on Cl! One can fairly
confident!y predict however for HCI® (v), t(#) = 23msand | Smsforv = 2,3
while for DCI” (v), 1(v) = 9.7ms and 6.4 ms for v = 2,3, assumung the theory
is probably better than the experiment

The other, somewhat trivial (and very well known) result of the harmonic
oscillator approxmmation alone s that only Av = 1 transitions will occus, 1 ¢,
the transition probabilities for HCI” (v = 2) - HCI* (v = 0) + Av, etc , will be
extremely small

This study has been successful despite the adverse conditions for these two
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ions. namely, the sery low vield of vibrationally excited sons (< 3%) while
approximately half the HC1™ (DCI") ground state ions are in the upper *z,,
state and can contribute to the N,H* {N,D") production. Clearly under
more fasvurable conditions the method would perform even better and would
be suitable for measurement of lifeime 1n the range 1-40ms. The method
would benefit from a facility to readily change the length of the flow tube and
from the use of 2 momitor gas entry post whose position could be continuousty
vaned along the tube.

CONCLUSIONS

A new method for the measurement of vibrational radiatise lifetimes, using
flow tubes. has been demonstrated by the measurement of the lifeimes of
HCI” (v = 1) and DCI” (v = 1). The ions HCI" (x = 1)and DCI" (¢ =1)
were measured only by the chance that coihisional quenching measurements
were being carned out on these 1ons and the radiative lifeimes were an
unanticaipated by-product There are certainly more favourable cases which
can be studied, namely those for which larger fractional vibrationally excited
state populations can be obtained However the technique is not of universal
apphcation It requires the existence of a suntable 10n state sensitive monitoi,
1 ¢.. a neutral that can be used to detect vibrationaily excited 10ns by virtue of
fast reactions which are slow for ncn-vibrationally excited 1ons. This will
normally be a result of an energetic threshold lying between two 1on vibration-
al levels

Another restricion s that the 1ons cannot be relaxed collisionally in the
henum buffer gas dunng the radiative hifetimes This will probably restrict
hfetime measurements to relatively high frequency wvibrations, but this
remains to be determined Finally the range of racdiative hfetimes available is
limited to perhaps a range from 1-30ms. which includes however a large
number of 1ons
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ABSTRACT

Ratc consiants for the reaction of ihe wwo 1somers of protonated N;O. HNNO® and
NNOH®, with CH, 2na NO hase been measured as a function of relative hinetic energy The
CH, measvizments ailow a dewerimmation of the proton affimty of N.O on N of
131§ = Thealmor™ ané an isemerc energy difference of 62 + 0 Skcalmol™' This fatter
value should be compared sath the recently obtained theoretical value of 7 1 kcalmol ™!

INTRODUCTION

Two species of protonated nitrous oatde are produced from the reaction
N, O(X'M) -~ H, =~ N.OH" + H AH = —175kcalmol™' (1)

as deduced from the diffening reactivities of the two rons with CH, and NO
{1} Recently {2] these obsersations have been interpreted as corresponding to
the two forms of protonated nitrous oxside, NNOH* and HNNO*, the
oxygen-protonated ssomer besng the most stabie [2] This 1s in accord with ab
mtio quantal calculations {3} The difference i proton affimty of N,O,
protonated on N, and CH, was deduced tobe —1 3 + | 3kcalmol~'and the
absolute proton affinity of N,O, protonated on N, 131 3 % 1 3kcalmol~'{2]
This was deduced from the evident endothermicity of the proton transfer from
HNNO" to CH, and 1s simnly the average between the maximum endother-
micity perrmtted by the observed rate constant and zero endothermicity The
maxinum endothermicity was taken to be kT In (k /k), where ki 1s the
Langevin rate constant {1} Any larger value for AE would give a Boltzmann
factor too small to be consistent with observation Very large endothermicities
of course lead to unobservably slow reactions at thermal energy.

0168-1176/90/503 50 © 1990 Elsevier Science Publishers BV




26

Wath the recent, rather surpnising. finding that some proton transfer reac-
tions measured as a function of relative kinetic energy n a drift tube lead to
valid Arrhenius plots. 1t has become possible to use dnift tubes to measare
proton affinity diffesences m this way {4] It1s by no means obvious that valid
Arrhensus plots should be obtained from relative kinetic energy dependences
of rate constants. The situaiton 1s far from a thermodynamically equilibrated
one The 1on veloaty distributions are not Maxwellian and the ions. while
probably rotationally equilibrated to the average centre of mass kmetuic
energy, 1n general will not be vibrationally equilibrated, and the neutral
reactant will have a 300K Boltzmana distribution rather than being equi-
librated at the approprniate relative centre of mass average energy However,
a large number of proton-transfer reactsons have been measured in both the
exothermic ana endothermic directions [4) and linear Arrhenus plots ob-
tamned in all cases except two reactions mvolving NJOH* 1ons It 1s now clear
that the mixture of the two isomeric N;OH™ species contributed to that
problem The Arrhentus plots for the endothermic and exothermic directions
of reaction were combined to yield hinear van't Hoff plots from which values
for AH and AS for the reactions were obtained

The values of AH obtained from the seven reactions studied [4] gave proton
affinity differences that deviate from the most precise proton affiruty scale
currently existing {3} n the relevant proton affinity range (~ 120-142kcal
mol~') by an average value of 0 36kcalmol™' The uncertamnty i the PA
scalet1s = 1 kcalmol™" The van't Hoff intercepts gave average differences for
the entropy changes for reaction with known or calculated entropy differences
of 1calmol ™' K~', which corresponds to a devia*ion 1n values of TAS of only
0 3hkcalmol™" at 300K. differences well within the uncertamties of the
entropies of the 1ons mvolved

The concluston of this investigation was that linear Arrhenius plots derived
from relative kinetic energy dependences of reactuion rate constants for proton
transfer reactions yield rehiable thermodynamic data Itis not yet clear to what
extent this finding can be justified theoretically but the evidence certamly
justifies the use of this technique Presumably when, and if, problems arise
because of the non-thermodynamue translational, rotational and vibrational
distnibutions involved, this will lead to non-linear Arrhenus plots 1t scems to
be very improbable that one wili obtain hinear plots yielding incorrect ther-
modynamic data

EXPERIMENTAL

The experimental apparatus and procedure are the same as described n [4]
The N;OH* and CH{ 10ns were both generated in a igh pressure 1on source

e . —— ——
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Fig | Vanation of rate constant with hinetic energy 1n both forward and reverse directions for
the reaction

NNOH* + CH,
= CH + NO
HNNO* + CH,

A 50 50 muxture of H, and N,O was used for NJOH*, since this gave
maxmmum yield of N-protonated N;O CH¢ was obtamned from CH,

RESULTS AND DISCUSSION

The measured kinetic energy dependences of the rate constants are shown
m Fig 1 The resulting Arrhenus plots are given in Fag 2

Energy of the HNNO* wn

The hinear Arrhenius plot for the endothermuc HNNO™ proton transfer
with CH, leads to an activation energy of 1 5kcalmol ™" for this reaction The
appropriate way to obtan the value for AH of this reaction 1s of course to
consider also the iemperature dependence of the reverse reaction There 15 a
shight problem 1n the present case since only the overall rate constant between
CH¢ and N,;O has been measured (Fig 1) and the distnibution between the
two possible products, HNNO* and NNOH * has not been determined In the
fow encrgy range (KE < 0.2¢V) of the HNNO™* + CH, measurement this 1s
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Fig 2 Arrhemus plots for the reaction
NNOH* + CH,

= CH; + N,O
HNNO* + CH;

not a serious problem The CH{ + N,O rate constant 1s independent of KE
and 1t 1s more likely that the two channels are both constant than that there
1s a compensating energy dependence The total rate constant equals the
Langevin collision rate constant, A, = 2re(a/;0)'? = 1 11(—9)cm’s™" within
the experimental uncertainty and this remamns true for KE values small
compared with the interaction well depth (~03¢V) The bond energies for
NO* - N;Oand O; - N,Oare0 33¢V and047¢V [6] The Arrhenius plot for
the CH; + N,O reaction is inear in the low KE region (Fig 2) and the van’t
Hoff plot for

HNNO* + CHy » CHy + N,O )

gives a value 1 4kcalmol™', not sigmficantly different from the value ob-
tamned from the Arrhenius plot alone While not very sensitive, tius does
suggest that there 1s not a drastic change 1n HNNQ* production by the
CH{ + N0 reaction m this imited energy range These values are in good
accord with the previously deduced value 13 £ 1 3kcalmol™' [2] and of
course are much more precise

The PA of N,0, protonated on N, then becomes 1315 + 1kcalmol™',
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using PA(CH,) = 130.0 = Ikealmol™' (5] This latter value 15 determined
by the temperature dependence of the proton transfer with CO, (a van’t Hoff
plot) which 1n turn 1s tied to the PA(Br) as an absolute standard by an
Arrhenius plot It was not possible to measure the reverse reaction
HCO; + Br — HBr* + CO,, since 1t was not possible to react Br atoms in
the earlier experiment It 1s the uncertainty 1n this temperature dependence
which leads to the #1lkcalmol™' estmated uncertainty 1
PA(CO,) = 128 5 + lkcalmol™' and hence in PA(CH,). Recently a precise
value for PA(CO,) has been obtained from the appearance potential for
HCO; production from H,CO, [7} which does not suffer from this problem:
PA(CO,) = 1292 + 0 5kcalmol™' If one accepts this higher value of
PA(CO,) and hence a higher value of PA(CH,) by the same amount, 0 7 kcal
mol~' one would deduce PA(N,0)(on N) = 1322 4 0 Skcalmol ™. In etther
case 1t 1s quite clear that the PA(N,O) (on N) 1s as well known as the other
proton affimties 1n this energy range

It 1s 1nteresting to note the reasonable agreement between the present value
(132 kcalmol™') and the estumated value 127 + Tkcalmol™' determined by
Beach et al. [8] from the inner shell iomization of C 1n KNCO, HNCO + Av
(295 89eV) — HNC* *O + e, utilizing the “equivalent cores approxima-
tion” This supports the utility of this remarkable method for obtamning useful
estimates of otherwise unknown proton affinities

Energy of the NNOH™* 1on

It 15 not possible to produce a van't Hoff plot for the reaction NNOH* +
CH, because the accessible linear portions of the two Arrhenius plots do not
overlap sigmificantly on the E_, scale

The Archenius plot for the NNOH* + CH, reaction (Fig 2) has a definite
curvature at KE, > 0 3eV and measurements below about KE, = 0 15eV
are not possible since the rate constant 1s then < 1 x 1072 cm’s~'. The
activation energy obtained from the linear portion of the Arrhenus plot for
the forward reaction 1s 7 9kcalmol™', while for the reverse reaction the
corresponding Archenius plot yields 0 2 kcalmol ™" Thus the enthalpy change
of the reaction 18 79-02 = 7 7kcalmol™' This leads to PA(INNOH*) =
1377 + 1kcalmol~' quute close to the temperature-variable SIFT measure-
ment of 1374 £ 1kcalmol™' {5]

Isomeric energy difference

The energy difference between the two 1somers will be the difference bet-
ween the enthalpy changes for the two reactions namely 77-1.5 = 62
0 Skcalmol ™
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This should be compared with the theoretical calculation [3]) giving
7.1kcalmol™'. We favour a value lower than 7 i kcalmol™' because the
reaction of the N-protonated N,O with CH, s clearly endoergic (Fig. 1) If the
PA(N,0) on O 1s 137 3 keal mol ™! then the PA(N,0) on N would be 137.3-7 1
= 130.2kcal mol~' which 1s almost equal to the PA(CH,) so that the reaction
of the N-protonated N,O would be thermoneutral, contrary to the evidence
of Fig 1.

Entropy of NSOH* and the reverse reaction branching ratio

If the entropy of N,OH™ can be esumated, the branching ratio f for the
reverse reaction

CH; + N,0 -L+HNNO* + CH,
L NNOH* + CH,

can be deternuned from the experimental data

Since the rotational constants, and hence entropies, of all 1soelectronic
molecules are practically the same, a good estimate of S(N;OH*) would be
57 + tcalK'mol™' since S(NH;) = 57 icalK 'mol~', S(HNCO) =
569calK'mol™' and S(HOCN) = 570calK™'mol~' Furthermore
S(N;OH*) = 57 + IcalK~" mol~' gives an entropy of protonation of N;O
of 4 5cal K=" mol~'n good agreement with the usual range of values found,
eg CH, (59), HCl (4 6), CO, (4 5), NC (3 4), HBr (4.9) and CF,(59)cal
K='mol™" On this 1soelectromic argument the entropies of the two 1someric
forms of N;OH* will be 1dentical and this 1s confirmed by the rotational
constant data calculated by Yamashita and Morokuma (3]

N,OH* CH, - CHY + N)©
S(calK *mol~?) = 57 + 1 445 S04 525
gives
AS = 14 £ lcalK™' mol™
Then from the van't Hoff plot of Fig 3 the intercept gives K = 8 4 so that
S = RIn(84))

where f1s the branching ratio for the reverse reaction
Thus / = 25%, but assuming error hmuts of +1calK~'mol™' gives
[ = 15-40%
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Reactions with NO

The rate constants for the reactions
NNOH* + NO - NO* + N, + OH
and

HNNO* + NO —» NO* + N, + OH
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are shown in Fig 4 While neutral products are not measured, N, + OH 15
' the only exothermic possibility m each case [2] Reaction 3 1s a simple dissocia-
uve charge-transfer The 1ons Ary, Nes and Hey were earlier found to

dissociatively charge-transfer with NO [9] The mitial decrease of k& with
| increased KE followed by a subsequent increase 1s charactenistic for slow (1 €

k < k) posiive 1on-neutral charge-transfer reactions {10) This 1s qualitative-

iy considered to be evidence for complex formation at low energies and a
direct process at ugh energies The problem has not been treated quantitative-

ly for any system One expects the division between high and low energies, 1.e
the locatien of the mimimum to be comparable with the interaction well depth,
approximately 02-0 3¢V, qualitatively consistent with the present broad
mintmum, which lies in the 0 1-0 2eV range Reaction 4 on the other hand 1s
considerably more complex. In order to get the O and H atoms m the
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necessary proximity to form the required OH bond a shghtly endothermic
(~4kcal ~' mol™"') proton transfer to NO was proposed [2), driven by the
~6kealmol ™! electrostatic attraction, followed by an exothermuc proton
transfer to the more stable O position (2] At this pont the reactants are in the
same configuration as they would be 1 the collision of reaction 3 and
dissociative charge transfer occurs

It 1s clear that reactton 4 must be less officient than reaction 3, as a
consequence of this necessary rearrangement prior to charge transfer and this
15 evident in Fig 4 It s also clear that complex formation 1s required and
therefore that the rate constant must decrease sharply with KE, a prediction
made earlier [2] which 1s clearly borne out It was proposed earher {2} that at
elevated KE the proposed mtermediate (ONN HNO™*] might dissociate
as HNO* + N,O but this is not observed up to the maximum energy
(0 06¢V) at which reaction 4 1s measured, but of course 1t could not be since
the reaction to produce HNO* + N,015 0.17¢V (4 kcalmol ') endothermuc.
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ABSTRACT
Tix teactions of HBz” with CF,. NO. CO.. CH,. N;0.S0;, COS. H;S 224 SF, bave txen
studicd 1n 2 SIFDT app For some the 300 of rate with ceztre
of mass colliseon energy £, Bas been i 3, The st 201 for the CH, seaction
hibits 22 ! mlhE,,,-‘:xhusbmnwbed;z.oth:d.szmmgx
vanations of ibe proton fo b 1cn 204 cdectron transfes chanodls.

The redeced mobilties of HBr and H.Br* 1 hebum have been detesmined up 1o
EIN~ 120Te

INTRODUCTION

A SIFT study 1n this laboratory [1) of the reactions ¢f HCI* with neutrals
demonstrated tha? the proton transfer reaction HCI® + N, - N,H* + Cl
could be used to distinguish between ground state and vibrationally excited
HCI® This has recently been exploited for a study of the vibrational
quenching of both HCI® (v = 1) and DCI* (v = 1) [2] by neutrals and for the
measurement of the radiative lifetimes of these two vibrational species [3].

The present study had similar objectives and it seemed possible .aat neut-
rals such as N,. Xe and CF, might provide suitable monitor gases for vibra-
tionally excited HBr* . For HBr* there 1s the additional cemplication that the
spin orbit ground state sphtung (1,5, *7,,) is large (0.32¢V) and 1s thus
comparable to the vibrational level spacing of 0.29¢V, illustrated 1n Fig. 1.
Thus precluded studies of HBr~ (v) vibrational relaxation but did yield the new
results on HBr* chemustry reported here.

0168-1176/90/$03 50 € 1990 Elsewier Science Publishers BV
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Fiz 1. Relatrve enespy kovels for HB:® i reaction with CF, 25 2 mosiior g2s. The endother-
mactes for CF,H® 2nd CF; production are 026 2nd 0.293eV sespectivedy.

EXPERIMENTAL

The HB ~ was generated from HBr in either a low pressure or high pressure
electron impact ion source, sclected by 2 quadrupole mass filter and injected
nto the helium carrier gas stream in the flow tube. Soms 20cm downstream
the reactant neutral was added to the flowing gas and the ionic species
measured as a function of neutral reactant flow rate, by means of a second
quadrupole mass spectrometer located at the end of the flow tube {4}. The
reaction rate constant & was determined from the exponential decay of the
HBr" count versus reactant flow rate. The vanation of k with centre of mass
collision energy E_, can be studied by enhancing the ion energy by applying
a longitudinal clectric ficld along the flow ube.

MOBILSTIES OF HBr* AND H.Br*

The determination of the rate constant with an electric field in the drift tube
requires a knowledge of the transit time of the 1ons down the flow tube. The
velocity of the ions in these circumsiances 1s much greater than the bulk gas
velocity. This time 1s determined from pulsed operation of wirc meshes
mserted 1n the flow tube before the reaction region and just in front of the
detection mass spectrometer. From such measurements the reduced mobility
can be readily calculated and since this data has not previously been published
the values for HBr* and H,Br* in helium are given 1n Table 1.
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TABLE L

The redooed mobduoes of HBe® aad H,B:" woes = He 23 XOK*

EN Ec=Vors™)

(304

HE:" H.Br*
s 206 200

10 2.4 194
15 197 1838
X 19.15 1825
p 187 17.75
30 1825 17.28
<0 172 163
0 16.7 57
0 160 150
6 154 14,
S0 158 14
%0 1425 13.5
100 1335 130
110 13.25 125
120 128 122

* Accuracy the total ervor 1n the exp 1 data 1s belicved nol 1o exceed £ 7%.

EXPERIMENTAL RESULTS

The room temperature measurements are summarized in Table 2, which
gives the measured rate constants at room temperature (£,4) together with the
1on products. Also tabulated are the Langevin or ADO coliision rate
constants (k,) as appropriate anu *he endothermicities, AH,. In some cases the
variation of rate constant with centre of mass energy £, has been studied and
the results are shown in Fig 2.

CF,

This reaction has two channels
HBr* + CF,— CF,H" + Br, AH; = 017¢eV (80%)
CF; + HF + Br AH, = 0.40eV (20%)

and kyy = 7 x 1077 em’s™", or approximately 0.01 x collision rate constant
k., as a consequence of the endothermicity CF, therefore has particular
mterest as a possible monitor gas for vibrational studies. The energy levels are
shown 1n Fig. | from which 1t 1s clear that with an 10n source producing only
HBr* (r,) one has a double menitor n CF, because CFy would arise only
from HBr* (*ry,, v = 2) while CF,H* would be produced by all vibrationally
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TABLE 2
HBz* jon chemustzy
Rezctant Products AH, 104, | [rad 34 Product
(GY) (c’s™!) (ca’s”?) distribution
{300K)
CF, CFH" +Br 017 6.05 0.07 80
CF; ~HF~Br =020 2
NO NO" - HBr -248 678 30 100
CO; CO:H’* - Br -0.13 708 003 100
cH, CH; ~ Br -0.026 102 0.83 100
N:O N.OH" - 5r -025 7.61 96 100
SO, HSO; - 137 130 16 100
Cos COS°® - HEr -0.55 113 12 5
HCOS® ~ HBr -092 28
4.5 H,S* - HBr —-125 130 15.6 65%5
H,$° - Br - 175 35=5
SF, SF; + HF - Br 687 81 100
*Cakeulzted Langevin or ADO colt rate

* Measured rate constant at 300K.

excited HBr* (*x,;, o > 1). However, with the present ion source the situation
15 complicated by substanual yields of HBr* (*z,p,), the ground vibrational
state of which can produce CF,H*, while the production of CF; would arise
for HBr* ¥y, v > 2y and HBr* (*m,p, v > 1) Because ground state splitting
1s the same order as the vibrational level spacing, nterpretation 1s difficult.
Vibrational relaxation studies of HBr* (v) 1ons could be carried out using CF,
asa momtor 1f a suitable HBr* () ion source could be found, e.g. a plasma
source i which clectrons deexcite HBr* (*,;) 1n superelastic collisions

CH,

This 1s a particularly interesting case because of the unusual variation of
rate constant with £, Fig. 3 At 300K the rate constant 1s ~0 l &, the
dominant process being proton transfer with a small component of H abstrac-
tion while electron transfer i1s endoergic by 1 eV As the £, 15 increased up to
0 15¢V the rate constant exhibits a curtous S shape The explanation becomes
clear from the vanation of the three reaction channels illustrated in Fig. 3.

For E_, up to0 0.35¢V, proton transfer 1s the only channel of sigmficance
and 1t rises to a maximum at £, = 0 2eV followed by a decrease so that this
channel defines the total rate constant energy vanation over this region. At
E., > 0.5¢V the rapid nise of the H abstraction channel H,Br* by over an
order of magmtude, makes its contribution, together with the onset of the
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electron transfer channel CH, at E_, > 1¢V The overall result is that the
total rate constant now increases for E_, > 0 8eV.

NO
HBr* + NO— NO* + HBr AH; = —248¢eV

Charge transfer 1s strongly exothermic and proceeds with a rate constant
k=3x10""cm’s™', which 15 0.4 &,

Cco,
HBr* + CO,— CO,H"* + Br Al = +013¢V

Only proton transfer was observed, there being a marked vanation of k
with E_, by over an order of magmtude (Fig 2)
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encrgy £, G, totaf rate constant Contrbutions from the three teaction channeds are as
follows @, proten transfet, 0, H atom absiraciion, and 9, charge transfer

N,O and 50,
HBr* + N;O— N;OH* + Br A= ~025¢V
HBr* + $O,— HSO$ + Br Ally= ~137eV

Both reactions nvolve only proton transfer with & ~ &,. No £, study was
made of the N, O reaction but the SO, reaction showed a marked decrease of
k as £, mcereased (Fig 2).

COS and H,$

HBr* + COS— COS* + HBr AHy = ~055¢V (75%)
— COSH* + Br AH;= —0.92eV (25%)

HBr* + H,S— H,S* + Br AH = ~1.25¢V (65%)
—H,S* +Br AHi= ~ 1756V (35%)

The reactions are sumilar 1n that n each case & ~ k. and there are two
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channels, electron and proton transfer, the former being the major channel in
both reactions. A study with centre of mass energy showed no significant
variation of rate constant.

SF,

At 300K the reaction with SF, was fast, being of the order of the Langevin
rate k¢ . This implies that the reaction occurs at every collision for all ions, i.c.
not just the HBr* (*x,;,) reacting. This is surpnsing since the available data on
heats of formation suggest that the reaction should be endoergic. The heats
of formation for the reaction expressed in kcalmol =" are

HBr* +SF, —SF; + HF =+ Br
260 -291.7 1.7  —651 267

which indicates the reaction should be 5kcal mol~' endothermic whereas it is
obviously exothermic. The energies are from Lias et al. {5} except for the value
of AH,(SF; ) which 1s obtained from the appearance energy (AE) of SFS from
SF, deduced in ref. 6. Since AH,(HBr*) is unlikely to be in error by as much
as Skcalmol™' 1t appears that the value of AH(SF;), or equivalently
AE(SF; /SFg), must be too high by ~ 5kcalmol™'. The value of AE(SF; /
SF,) = 13.98 + 0.03eV = 322.4 kcal mol~"* given in ref. 6 was over 1 eV below
current literature values and the lower hmit was defined by the relation
AE(SF; [SF,) = D(SFs-F) + IE(SF;) where IE(SF;) > IE(NH,) = 10.14eV
based on the measurement of Babcock and Streit {7] who found the reaction
of SF; with NH; to be fast. Since the IE is not likely to be significantly in error
this indicates that the value of D(SFs-F) = 3.9eV must be too high (8] *
The rate constant decreases with increasing E_, (Fig 2)

DISCUSSION

The kmetic energy dependences of the proton transfer reactions of HBr*
with CH, and CO, clearly show that both reactions are endothermic and
therefore that the proton affimities of CH, and CO, are less than that of Br
(131 8hcalmol~") which 1s obtained with preciston from the spectroscopic
dissociation energy of HBr* [11]. Since this unambiguous result 1s at odds

* After this work was submitted, a paper by Stone and Wytenberg (9] 2ppeared which supports
the lower value for AE(SF; [SF() reported here They report AE(SFS [SF,) < 13 78¢V
deduced from the exothermiaity of the reaction CH; + SF, — SF; + CH,+ HF A better
value would b¢ <1387 £ 004¢V, since a better value for the proton affinity of CH,
(130 & 1kealmoi™") 1s now available [10] than the value 132kcalmol™' used by Stone and
Wytenberg [9] Both studies make clear that the present values AH((SF; ) and D(SF;-F) in the
literature are too high
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with certain recently established proton affimty scales {12} we have pursued
this investigation in collaboration with Smith and Adams at Birmingham,
where a variable temperature SIFT exists, in order to refine the present PA
scale, by referencing it to the PA of Br [10).

The fast exothermic reactions are expected both for proton transfer and
clectron transfer. When both channels are exothermic, they both occur with
significant fractions of the product distribution.
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Abstract
The forward and reverse rate constants for nine proton transfer
reactions have been measured as a function of relative kinetic
energy using a selected ion flow drift tube (SIFDT). 1In all but
two cases van't Hoff plots of the equilibrium constant against
recaiprocal centre of mass collision energy were linear and
values of the enthalpy and entropy changes were obtained from
slope and intercept respectively. Sance H 4is a measure of
the difference between the proton affinities of the two neutral
species, the data can be used to provide a proton affinity
difference ladder. This ladder agrees extremely well with the
established proton affinity scale. The experimental values of
entropy change agree well with values calculated from the
entropies of the individual ions and neutrals. The agreements of
the H's and 8's so determined establishes the validity, and
utility, of a SIFDT apparatus for proton affinity studies, when
linear pseudo van't Hoff plots are obtained. In the present
study two N,OH* measurements gave non-linear Arrhenius and van't

Hoff plots, and had to be rejected, in agreement with the
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earlier work. Some speculations of why drift tube measurements
lead to reliable thermcdynamic data, in spite of the lack of
thermodynamic equilibrium between internal and translational

modes, are presented.
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Introduction

Experimental determinations of the forward and backward rate

constants for proton transfer reactions of the general type
XHt + Y YHt + H (1)

have been widely used,':2.3 to obtain data on proton affinities.
If the equilibraium constant K = k¢/kr is measured as a function
of temperature then from a van't Hoff plot of log K versus 1/T
the enthalpy and entropy changes, H and S , can be
determined from the slope and the intercept on the ordinate
respectively. The value of H 1s equal to the difference of
the proton affinities of X and ¥ and § 1s related to the ion
structures. Often, K 1s measured only at 300K and S is

determined from known or theoretical entropaies.

Recently in connection with unrelated studies, we made the chance
observation that the proton transfer reactions of HBx* with both
CO, and CH, are endoergic®:. It was immediately evadent that the
proton affinities of CO, and CH, are less than the proton
affinaty of Br. fThas indicated that the NBS tabulated values for
PA(CH,) was slightly too high (in agreement with a recent high
level theoretical calculation®) and particularly that a recently
proposed increase’ in proton affinities for CH, and CO, is

clearly incorrect.
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The problem in establishing an absolute proton affinaty scale
lies 1in determining one or more fixed points to anchor the
relative scales that have been deduced by van't Hoff plots as
described above. Since the proton affinity of Br is known with
spectroscopic precision® from the dissociation energy of HBr+,
this suggested the possibility of obtaining an improved PA scale

anchored to PA(Br).

In order to establish PA's relative to Br, and to each other,
proton transfer reaction rate constants were measured 1in a
temperature variable SIFT at Birmingham®. values for PA's of CO,
Br,, HBr, N,0, HCl, CH; and CO, were determined relative to Br,
with what 1s believed to be an improved accuracy, conservatively
estimated to be better than + 1 kcal mol-!. For six common
species the new scale has average deviations from the NBS scale
of 1.7 kcal mol-! , with a maximum deviation of 2.8 kcal mol-!?
(for HBr). In most cases the new values of PA are slightly

smaller than the NBS values, but not in every case.

In the course nf these studies we have learned, to our surprise,
that reliable PA differences can be obtained from "van't Hoff "
plots of rate constant vs reciprocal average centre of mass
kinetic energies 1.e. from SIFDT measurements. This has
important practical implications because the wide KE range (
leV) far exceeds the maximum temperature variation possible ( <
900°K 0.leV), allowing much larger P.A. differences to be
spanned for a single reaction. Also elevated temperature flow

tubes are notoriously difficult to operate and maintain.




The applicability of SIFDT'S to thermochemical problems is quite
surprising since the internal degrees of freedom are not
equilibrated with the translation kinetic energy. The neutral
reactants maintain 300K rotational and vibrational temperatures,
the i1ons attain rotational equilibrium with the relative KE in a
few collisionsi®, but the ion vibrations do notl!, at least for
low KE's and the relatively small number of collisions of the

1ons with the buffer in typical SIFDT experaiments.

We were reinforced in this expectation, or perhaps more properly,
led to this expectation by experience with the forward and
reverse proton transfers between N,0 and CO, for which linear
van't Hoff plots vs T-! are obtained?, yieldang reliable proton
affinity differences and entropy changes in reaction, whereas
KE-1 van't Hoff plots were markedly non linear . The Arrhenius

plots for both forward and reverse reactions i.e.

k = Aexp(- E/RT) were also linear in this case, whereas the
"Arrhenius" plot for N,OH*+ reaction with CO as a function of
KE-1 was non-linear. We still find non-linear Arrhenius plots
for N,OH* reacting with CO and also with HBr but we find linear
plots for 14 other reactions and it appears that the non-
linearity is, at least to some extent, a problem peculiar to
N,OH*, perhaps related to the existence of two isomeric forms

lying very close in energy.

The present paper shows that reliable PA differences and entropy
changes are obtained from KE-! plots by comparison of these
measurements with available data on well understood reactions.

In the case of N,0H*, and presumably for other ions as yet




unmeasured, for which the non-thermodynamic equilibrium is
important, linear plots are not obtained and one would not
attempt to deduce H and S. For this reason it appears that

one would not be led to errors using the SIFDT technique.

The Lindinger et al? paper was a detailed study of flow-drift
tubes using various carrier gases (Be, N,, Ar) and showed that
the proton transfer reactions of N,OH* were very dependent upon
the vibrational excitation of the ions and that a helium buffer
was less effective in producing vibrational excaitation than a
heavier buffer. This 1s now well understood from the vibrational
quenching study of vibrationally excited ions that have been

subsequently obtained!!.

Exgerimental :

The measurements were made in the Aberystwyth selected-ion flow-
drift tube apparatus which has been described previously!?. The
ions studied N,OH*, H,Br*, HCO*, H,Cl*, CF,H*, NOH*, CO,H* and

CHs+ were generated in a high pressure ion source using HCl, HBr,

Cc0,, CH,, or CO mixed with H,.

The neutral reactant was added further downstream and the centre
of mass collision energy E., was varied by varying the axial
drift tube electric field. In such an apparatus the forward
reaction rate constant can be determined as a function of E;p.
The corresponding data for the reverse reaction is obtained
straightforwardly in a second experiment injecting the

appropriate ion and neutral species.
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Results and Discussion
The nine reactions studied were:-
N,0H* + CO ECO* + N,0 (2)
%,0H* +HBr H,Br- + K,0 (3)
H,Br* + CO HCO- + HBr (4)
CHg* + HBr H,3r- + CH, )
CF H* + HC1 H,Cl* + C?Z, (6)
C?,H* + CH, C¥Hgs° + CP, (7)
CF.H* + CO, XOH* + CF, (8)
CF.H* + CO, CO,H* + CF, (9)
H,Cl- + EBr H,Br* + HC1 (10)

The van't Hoff plots for trese nine reactions are shown in
figures 1 and 2 together with the data of Lindinger et al? for
reaction(2). It is evident that there is excellent agreement
between Lindinger at al and the present measurements sc that the
non-linearity of the van't Hoff plot for (2) is not in questaon.
For reaction(3) the non-linearity is even more pronounced and it
would again be quite impossible to determine either Hor S .

Both the above reactions involve the :on N,OH*.

ror the remaining seven reactions (4) to (10), ain which N,OH* is
not invclved, the pattern 1s entirely different. These give
linear van't Hoff plots yielding values cf H and S listed
in Table 1. Such plots can be represented by the expression

Ink = S/R - H/RT = S/R - 3 H/2E., where E.,= RT

B
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his will only yield linear plots if # and S Go net

chance significantly over the energy range of the investigzticn.

Presuzably a significant variation of H and 5 wath 2.,
would result in a non-linear van't Hoff plot. If significant
vibrational excitation oI the ions by the strong applied field
occurred this would change the value of # as the B, is
varied, producing non-linearity. Therefore it can be concluded
that in the case of the 7 good van't Eoff plots these effects are
insignificant. This implieg that the value of S obtained from
the intercept should be in good agreement with that calculated
£rom the entropies of the ions and molecules involved in these

reactions and this should be a sensitive test of the above

conclusions. The data so obtained is given in Table 1.

The gocd agreement between the H's obtained and the established
values and the good agreement between calculated S's and the
values obtained from the intercepts establishes the validity of

the SIFDT apparatus for such measurements.

The average deviation in H between the present measurements and
the proton affinities of ref.9 1s 0.36 kcalmol-!, well within the
uncerta.nty of any present proton affinity scale including that
of ref.9. The average deviation in S determined from the
intercepts of Fig.l and calculated values is 1.0 cal k-! mol-t.
This would correspond to T: S = 0.3 kcalmol-! at 300K and 1s
generally witnin uncertainties of the entropies of the ions

involved. The maximum deviation 1s only 1.7 cal k-imol-!-

B
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The only .ions of Table I whose entropies are Xknown are HCO,*
(55.640.8)., CH,” (50.410.5) and ECO* {48.0:0.2) from Bohme et
al3. The entropy of H,Ci+ is assumed egu2l to that of the
isoelectronic ¥,S, 4S.2eu, thet of H,Br* equal to that of H,Se =
54.2et andé S(EK0*) is taxen equal tc S{HCD) = 53.7eu. The one
undetermineé entropy S(CF,H*) is datemmined as the best fit to
equations 6,7,8 and 9 so that only 6 of the 7 entropy fits are
independent. The values of S(CF H*) deduced is 5,.4 —al K-1
mol-1. This gives an entropy of protonation of CF, of 5.9

cal ¥-!'mol-- consistent with the usual range of values found
e.g. CH, (5.9), HCl (4.6), CO, (4.5), NO (3.4) and HBr (4.9).

The quality of these or prébably any other such available ion
entropies are not sufficiently good to justify serious structural
consideration.

It should be noted that the value for S(HCO*) used in Table 1 1is
not the value 48 from Bohme ‘et al3 but rather the value 52.1
which is the entropy of the isoelectronic HCN. It is felt that
the value 48 is too low and cannot be correct for the following
reasons. This would give an increase in entropy due to
protonation of CO of less than lcal K-!mol-1, which as seen above
1s far below the usual 1ncréases observed. The entropies of
isoelectronic species are generally in very close agreement.
Additionally the entropy of HCO* should be very close to the
entropy of HCO when corrected for the difference an spin
degeneracy of the singlet HCO* and doublet HCO, :.e. S{HCO*)

HCO - Rln 2 - 52.3 cal K mol-! which is very close to S(HCN), as
1t should be for such samilar species. The entropy is determined

by mass, rotational constants and to a lesser exent vibrational

AR Abe mmma im +haco
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three species, HCO*, HCN and HCO so far as entropy calculations
are concerned. The observed S for reaction (4) is of course in

itself a strong argument for the large S(HCO*) value.

One qualification must be made concerning our comparisons of
(PA) values with those of ref.9, namely, temperature variable
measurements involving CF, and NO proton transfer reactions were
not carried out in Birmingham and the values of PA(CF,) and
PA(NO) in ref.9 are those deduced from the present SIFDT studies.
COne could simply reduce the 7 cases of agreement by two, leaving
5 cases of agreement to support the present justification for
the use of the SIFDT. The situation i1s somewhat better than this

however, for two reasons.

It 1s obvious from the occurrence of very fast proton transfer
between CF, and NO in both a;rections (>10-1%cm3s-1) that thear
PA's are closely the same, 1.e. the uncertainty in their PA
difference is clearly less than 0.5 kcal mol-! independent of any
knowledge of T or KE dependence. Secondly the PA's of both CF,
and NO agree within better éhan lkcalmol-! with values previously

determined$, although the new values® are certainly more precise.

There 1s strong evidence thét the non-linearity of the van't Hoff
plots for reactions (2) and (3) is related to the N,OH* ion. A
linear van't Hoff plot implies that there must be linear
Arrhenius plots associated with both k, and k¢ for each reaction.
For the nine reverse reactions studied we have 18 Arrhenius
plots, 16 of which are linear and 2 are markedly non-linear. The

last two are for the reactions N,OH* + CO HCO* + N,0 and N,OH*
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+ HBr H,Br*t + N,0 and are illustrated in Figure 3. It is
these two Arrhenius plots which when combined with the two linear
Arrhenius plots for the appropriate reverse reactions produce the
two non-linear van't Hoff piots of Figure 2 that are associated

with reactions (2) and (3).

To supplement the above data there are two other reactions which
have been studied previously, but which were measured in one

dire.tion only. These are ,

—~
[
[

~

HBr* + CH, CHs* + Br and

HBr* + CO, CO,H* + Br (12)

so that only Arrhenaus plots for the reverse direction are
available, but these can be used to establish an approximate link
to Br although this link 1s less accurate since the slope of the
forward reaction Arrhenius plots are not known. The uncertainty
in the estimates of the small temperature dependences of the fast
exothermic reaction 1s the origin of the uncertainty in the
present PA scale®. The Arrhenius plots give H = 0.6 and 3.0
kcal mol-! respectively. The value 3.0 kcal mol-! for {12)
agrees well with the value deduced from the T dependence of (12),
to which the PA scale is tied®. The Arrhenius plot for HBr+ +

CH, is shown in Fig.3. .

Let us consider briefly, and speculatively, why SIFDT studies of
proton transfer reactions may yield linear Arrhenius rate
constants, and therefore linear van't Hoff equilibrium constant
plots, yielding correct values of H and S, as we have

established for the present several cases.
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What is clear is that rotations and vibrations of the neutral
reactants are not excited in the SIFDT, i.e. they remain in a
tharmal (300K) distribution, It is also likely that the ions are
rotationally equilibrated with the relacive KE, consistent with
theoretical predictionl!3 and experiment!® in the case of atomic
buffer gases, as for He in ‘the present case. The major
uncertainty concerns ion vibrational excitation. It is uncertain
to what extent the ions are vaibrationally excited in the He
buffer gas. The presumptive evidence, from the validity of the
KE "van't Hoff" plots is that rotations and vibrations play no
role. As a general observation, it has been commonly observed
that exoergic proton transfér occurs on nearly every collision
for small molecules such as considered here. This suggests that
the sole criterion is energy and not the rotational and
vibrational states involved except as they contribute to making

an endoergic reaction exoergic.

With regard to rotation, one does not expect a significant
rotational effect in such reactions, in part because the
rotational quanta are so small and one expects small J change

propensities, a sort of angular momentum conservation.

With regard to vibration, He is an extremely poor vibrational
exciter, especially for the high frequency H stretching modes and
most of the experiments are carried out at energies below the H
stretching energy threshold. The linearity of the plots of
Fig.l. clearly indicate thaé there is not an onset of vibrational
excitation with a conseguent sharp change of reactivity. The

extent of vibrational excitation of the lower frequency bending
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modes is unknown, and guite possibly significant but apparently

does not yield an effect.

The proton transfer reaction

Ht* (v) +H, H,* + H, (13)
known to be proton transfer and not H atom transfer as a result
presumably of the much weaker H,*+ bond, has been studied as a
function of v and KE!+4. The.results are quite consistent with
the present deduction of a Qeak vibrational effect. The cross
section decreases very slightly with v at low E;, = 0.1leV and
very much less at E., = 0.4feV and not at all at E., = 0.93eV.
At low centre of mass KE's, where there is a slight change in
rate constant with v, there would be no vabrational excitation in
a drift tube ( it would be.ehergetically impossible) and at high
KE where there might be vibrational excitation there is no
vibrational effect on rate constant. One does not know how
generalized this situation is but it accords well with present

findings.

It is known that vibrational energy can effectively draive an
otherwise endoergic reaction, e.g. the slow endoergic HCl* (v=0)

+ N, N,H* + Cl becomes very fast for v = 115,

With regard to the very non linear hehaviour of the N,OH*
reactions, shown in Fig.2, we might suppose that this is a
consequence of the occurrence of two isomeric forms, N,OH* and
N,OH*, separated by only 6 + 1.3 kcal mol-! 16.17, There are
also two isomeric forms of HCO* and HNO* but the energy

separations are much larger, larger than the KE's involved in the
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drift tube. The two forms are known to be produced in the SIFDT
source and to have different reactivities!®. Since the van't
Hoff temperature plots were well behaved?.?, one may ask why the
KE plots were different. One possibility is that the different
ion sources produced different distributions of isomers.
Possibly in the higher pressure variable temperature flow tube
ion source the ions were relaxed to the lowest energy form.
Alternatively, perhaps the higher energy collisions in the SIFDT,
where the non-linearity becomes severe, induce transitions

between the two isomers.

Conclusions

The use of SIFDT's, in whaich rate constants are measured as a
function of relative ion-nedtral kinetic energy has been found to
yield linear Arrhenius plots for a number of forward and reverse
proton transfer reactions and hence linear van't Hoff plots from
their ratio. The values of H and S are found to be in
excellent agreement with the established values for these
reactions. The only deviations from linearity observed involved
protonated nitrous oxide. This may be related to the existence
of two closely lying N,OH* isomers, only 6 kcal mol-1 apart in
energy. It thus appears thai KE van't Hoff plots are often
linear and when they are they yield valid thermochemical data.
When such plots are not linear, for whatever reason, for example
as a consequence of the inherent non-thermodynamic equilibrium
between vibrations and translations in a drift tube, this will
not lead to error since the non-linearity will preclude such use.

This expanded role for flow drift tubes is potentially very useful
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because of the extremely limited capability for making

temperature variable ion-molecule reaction rate constant

measuraments.
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Table 1
Values of Hand S from ln Keq = S/R - 3 H/2E.,
H is in kcal mol-! and S is in cal X-! mol-!?

Reactaion Reaction - H -~ H(ref.9) s S{calc)
No.

4.  H,Br* + CO = HCO* + HBr 2.0 2.6 +1.4 0
5.  CHs* + HBr = H,Br* + CH, 9.1 8.8 -1.7 -1.0
10.  H,Cl* +HBr = H,Br* + HCl 6.0 5.8 +0.6 +0.3
6.  CF,H* + HCl = H;Cl* + CF, 7.0 6.5 -0.2 -1.3
7.  CFH* + CH, = CHg* + CF, 4.0 3.5 -1.7 0
8.  CF,H* + NO = HNO* + c%A 0.6 0.5 -3.7 -2.5
9.  CF,H* + CO, = HCO,* + CF, 1.7 2.0 +0.4 -1.3

Entropies of neutrals from Benson (Ref. 19)
Entropies of CO,H* and CHs* from Bohme et al (ref.3)

S(HCO*) assumed = S(HCN)_ = 52.1
S(H,Cl*) " = §(H,S)” = 49.2
S{HNO* ) " = §(HCO) = 53.7
S(H,Br*) " = S{H,Se) = 52.4
S(CF,H*) best fit to equations 6,7,8 and 9 = 68.4

Figure Captions
Fig.l showaing van't Hoff plots for reactions (4) to 10)

Fig.2 Showing non-linear van't Hoff plots obtained for

reactaons (2) and (3). Reaction (2): present, +

reference 2, Reactions (3): present,

Fig.3 Showing Arrhenius plots for reactions (2) and (3).
Reaction (2) : forward , reverse
Reaction (3) : forward , reverse

The Arrhenius plot for reaction (11) is also shown

plotted as
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Values of Hand S from InK,, = S/R -3 H/2E.,
H is in kcal mol-! and S is in cal X-! mol-!?

Reaction -H -H* S S(calc)#
H,Brt* + CO = HCO* + HBr 2.0 2.6 + 1.4 0
CHg* + H'. = H,Br* + CH, 9.1 8.8 -1.7 -1.0
H,C1* +HBr = H,Br*+ + HCl 6.0 5.8 +0.6 +0.3
CF,H* + HCl = H,Cl* + CF, 7.0 6.5 -0.2 -1.3
CF,H* + CHy = CHs* + CF, 4.0 3.5 -1.7 0
CF,H* + NO = HNO* + CF, 0.6 0.5 -3.7 ~2.5
CF H* + CO, = HCO,* + CF, 1.7 2.0 +0.4 -1.3

N.G. Adams, D. Snmith, M. Tichy, G. Javahery, N.D. Twiddy and
E.E. Ferguson. J. Chem. Phys. in press.

Benson, Thermochemical Kinetics, 2nd Ed. Wiley, NY, 1976.
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CONCLUSIONS

The reaction NJOH* + CH, - CH + N,O s found to be endotherm:
by 1.5 and 7.7 keal mol™' for N-protonated and O-protonated N,O respective
ly This corresponds to an 1someric energy difference of 6 2 + 0.5 kcal moi~'
The proton affimty of N-protonated N,O is 131.5 4 1kcalmol~' and for tha
of O-protonated N;O 1s 137.7 + 1kecalmol™', taking the value of PA(CH,,
to equal 130 0 kcal mol~'. The rate constants for both HNNO* and NNOH*
with NO to produce NO* + OH + N, have been measured as a function of
the relative kinetic energy. The rate constant for the reaction of NNOH* with
NO 15 a mimmum at low energy as typically observed for charge-transfer
reactions, while the HNNO™ reaction falls sharply with increased KE, consis-
tent with the intermediate complex mechanism mooted earlier to explain the
complicated reaction [2).
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